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The primary mesenchyme cells (PMCs) of the sea urchin embryo undergo a dramatic sequence of morphogenetic behaviors that
culminates in the formation of the larval endoskeleton. Recent studies have identified components of a gene regulatory network that underlies
PMC specification and differentiation. In previous work, we identified novel gene products expressed specifically by PMCs (Illies, M.R.,
Peeler, M.T., Dechtiaruk, A.M., Ettensohn, C.A., 2002. Identification and developmental expression of new biomineralization proteins in the
sea urchin, Strongylocentrotus purpuratus. Dev. Genes Evol. 212, 419–431). Here, we show that one of these gene products, P16, plays an
essential role in skeletogenesis. P16 is not required for PMC specification, ingression, migration, or fusion, but is essential for skeletal rod
elongation. We have compared the predicted sequences of P16 from two species and show that this small, acidic protein is highly conserved
in both structure and function. The predicted amino acid sequence of P16 and the subcellular localization of a GFP-tagged form of the protein
suggest that P16 is enriched in the plasma membrane. It may function to receive signals required for skeletogenesis or may play a more direct
role in the deposition of biomineral. Finally, we place P16 downstream of Alx1 in the PMC gene network, thereby linking the network to a
specific ‘‘effector’’ protein involved in biomineralization.
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The skeleton of the sea urchin embryo is a biologically
formed mineral (Decker and Lennarz, 1988; Ettensohn
et al., 1997; Wilt, 2002; Wilt et al., 2003). It consists of a
branched network of magnesian calcite rods that contain
small amounts of occluded spicule matrix proteins. The
skeleton is deposited within the blastocoel cavity of the
developing embryo by primary mesenchyme cells (PMCs),
descendants of the micromeres of the 16-cell stage embryo.
PMCs ingress into the blastocoel at the start of gastrulation
and migrate on the basal surfaces of epithelial cells that line
the blastocoel. The PMCs gradually become arranged in a
characteristic ring pattern which consists of two ventrolat-
eral clusters of cells linked by cellular chains on the oral
(ventral) and aboral (dorsal) surfaces of the blastocoel wall.0012-1606/$ - see front matter D 2005 Elsevier Inc. All rights reserved.
doi:10.1016/j.ydbio.2005.02.037
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E-mail address: ettensohn@andrew.cmu.edu (C.A. Ettensohn).As the ring pattern forms, filopodial protrusions of the
PMCs fuse, joining the cells in a syncytial network. The
PMCs in each of the ventrolateral clusters secrete a single
triradiate skeletal rudiment in response to local cues from
overlying ectodermal cells. During later embryogenesis, the
three arms of each skeletal rudiment elongate in a
stereotypical fashion, giving rise to the branched, bilaterally
symmetrical spicules of the pluteus larva. The spicules are
deposited within a ‘‘privileged’’ space enshrouded by the
fused filopodial processes of the PMCs. Local cues from
overlying ectodermal cells play an important role in
regulating gene expression, skeletal rod growth, and rod
branching within the PMC syncytium (Ettensohn and
Malinda, 1993; Guss and Ettensohn, 1997). The skeleton
supports the distinctive angular shape of the pluteus and
influences its orientation and swimming (Pennington and
Strathmann, 1990).
Recent studies have revealed components of a gene
regulatory network (GRN) that operates in the large
micromere–PMC lineage (reviewed by Angerer and83 (2005) 384 – 396
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components of this network include several maternal
proteins as well as early zygotic transcription factors.
One key transcription factor is the Paired-class homeo-
domain protein, Alx1 (Ettensohn et al., 2003). Alx1 is
expressed selectively in the large micromere lineage and is
essential for PMC specification. Downstream of maternal
factors and transcriptional regulators are gene products
that directly control the morphogenetic behaviors of
PMCs; viz., the ingression, migration, and fusion of the
cells and their deposition of the biomineralized endoskel-
eton. A few of these molecules have been identified.
Among the proteins involved in biomineralization are the
spicule matrix proteins, a family of secreted proteins
which are occluded within the spicules (Benson et al.,
1987; George et al., 1991; Harkey et al., 1995; Illies et al.,
2002; Lee et al., 1999). Antisense knockdown experiments
have shown that the spicule matrix protein, SM50, is
essential for normal rod elongation (Peled-Kamar et al.,
2002).
To identify new molecules involved in various aspects
of PMC morphogenesis, including biomineralization, we
have carried out large-scale sequencing of an arrayed
cDNA library generated from Strongylocentrotus purpur-
atus PMCs (Zhu et al., 2001). We are analyzing the
developmental functions of gene products identified in the
sequencing project by microinjecting morpholino antisense
oligonucleotides (MOs) into fertilized eggs to block the
translation of the corresponding mRNAs (Ettensohn et al.,
2003; Sweet et al., 2002). In a previous study, we noted
that highly abundant mRNAs represented in the PMC
cDNA library fell into two major categories: (1) ‘‘house-
keeping’’ proteins such as tubulins, cyclins, and histones,
and (2) proteins thought to play a role in biomineralization
(Illies et al., 2002). Examples of the latter category
included spicule matrix proteins and PMC-specific cell
surface proteins of the MSP130 family. Because most or
all abundant housekeeping proteins are already in the
public databases, we reasoned that any highly abundant
sequences in the gene collection that contained relatively
long open reading frames (>300 nt) that did not match
known proteins by BLAST analysis were likely to encode
new biomineralization-related proteins. One such gene
product identified by this approach was SpP16, an mRNA
later shown to be expressed exclusively by PMCs (Illies
et al., 2002).
In the present study, we have used MOs to show that
P16 plays an essential role in skeletogenesis and also
report that P16 is downstream of Alx1 in the PMC gene
regulatory network. P16 functions at a late stage of
skeletogenesis, following PMC specification, ingression,
migration, and fusion. The protein does not appear to be
required for the initial formation of skeletal rudiments but
is essential for their efficient elongation. We have
compared the predicted sequences of P16 from S.
purpuratus and Lytechinus variegatus and show that thissmall, acidic protein is highly conserved in both structure
and function in the two species. The predicted amino acid
sequence of P16 and the subcellular localization of a GFP-
tagged form of the protein suggest that P16 is enriched in
the plasma membrane. It may function to receive signals
required for skeletogenesis or may play a more direct role
in the deposition of biomineral.Materials and methods
Embryo culture
Adult S. purpuratus were obtained from Charles
Hollahan (tidalflux@yahoo.com). Adult L. variegatus were
obtained from the Duke University Marine Laboratory
(Beaufort, NC, USA) and Carolina Biological Supply
(Burlington, NC, USA). Adults were induced to shed
gametes by intracoelomic injection of 0.5 M KCl and
fertilizations were carried out using standard methods (Foltz
et al., 2004). Embryos were cultured in natural seawater
collected at the Marine Biological Laboratory (Woods Hole,
MA, USA). The rate of development was controlled by
incubating embryos in temperature-controlled water baths.
Cloning of LvP16
Eight full-length cDNA clones encoding P16 from S.
purpuratus (SpP16) were identified previously in a PMC
cDNA sequencing project (Illies et al., 2002; Zhu et al.,
2001). One of these clones, 13-F19, was used to screen L.
variegatus mid-gastrula stage cDNA macroarray filters
following the protocol of Rast et al. (2000). Two full-length
cDNA clones, 26-J12 and 46-M8, were identified. The
nucleotide sequences of the open reading frames of these
two clones were identical except that clone 26-J12
contained a repeated hexanucleotide sequence encoding
two additional amino acids (one glycine and one threonine
residue) just downstream of the putative signal sequence.
Because inclusion of the additional six base pairs resulted in
a better alignment with the nucleotide and amino acid
sequences of the eight full-length clones of SpP16, all of
which were identical in this region, we chose to use the
longer L. variegatus clone (26-J12) for all further experi-
ments (Genbank accession number DQ058410).
Generation of GFP-tagged SpP16 and LvP16
The full-length open reading frames of SpP16 and LvP16
were amplified using PCR primers with BamHI and ClaI
sites added. The PCR fragments were cloned into CS2 +
GFP vector and the resulting plasmids (SpP16.GFP and
LvP16.GFP) were used to transform DH5a. SpP16.GFP and
LvP16.GFP were linearized with NotI and capped mRNA
was synthesized using the SP6 mMessage mMachine kit
(Ambion Inc., Austin, TX).
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Whole mount in situ hybridizations were carried out
according to Zhu et al. (2001).
Microinjection of MOs, mRNAs, and fluorescent dextran
Microinjection ofMOs, mRNAs, and fluorescent dextrans
into fertilized eggs was carried out as described by Cheers
and Ettensohn (2004). SpP16 MO was complementary to the
start codon and adjacent regions of the coding sequence and
5V-UTR of the SpP16 mRNA and had the sequence 5V-
GGTCTTCATAGTAATAGTGTGTGTA. LvP16 MO was
complementary only to the 5V-UTR of the LvP16 mRNA and
had the sequence 5V-GTACTATACTTGAGAAGTTGT-
GAGA-3V. LvAlx1 MOwas described previously (Ettensohn
et al., 2003). MO injection solutions contained 0.5–1 mM
(SpP16) or 2–4 mM (LvP16 and LvAlx1) morpholino, 20%
glycerol, and 0.1% rhodamine dextran. mRNAs were
injected at 2–4 mg/ml in 20% glycerol in RNase-free water.
RT-PCR
For each experiment, 10 embryos of the desired stage
were rinsed twice with RNase-free, sterile artificial seawater
by mouthpipetting the embryos into small (¨300 Al) drops
of seawater on the surface of a plastic tissue culture dish.
The embryos were then mouthpipetted into 40 Al of cell
lysis buffer (Ambion) in a 0.2-ml RNase-free PCR tube. The
sample was vortexed for 5–10 s, incubated at 75-C for
5 min, then cooled at 4-C for 2 min. 1 Al Turbo DNase
(Ambion) was added to the sample, which was then
incubated at 37-C for 45 min and 75-C for 5 min. These
various incubations were carried out in a thermocycler.
Samples were aliquoted and stored at 80-C.
One-step RT/PCR was carried out using the SuperScript
One-Step RT-PCR with Platinum Taq kit (Invitrogen Life
Technologies, Carlsbad, CA) following the manufacturer’s
instructions. Typically, 3 Al cell lysate and 1 Al RNase-Out
recombinant ribonuclease inhibitor (Invitrogen) were used
in a total reaction volume of 25 Al. LvP16 forward and
reverse primers were 5V-CCATCATCGCTTTATTTGC-3V
and 5V-GCTGTTGTCTTCTGACGAGTC-3V, respectively.
Indirect immunofluorescence
Indirect immunofluorescent staining using monoclonal
antibody (mAb) 6a9b10 was carried out according to
Ettensohn and McClay (1988).
PMC fusion assay
PMC fusion was monitored following transplantation of
fluorescently labeled PMCs as described by Hodor and
Ettensohn (1998). Briefly, donor embryos were prepared by
microinjecting L. variegatus eggs with 10% fluoresceinisothiocyanate (FITC) dextran (10,000 MW) containing 4
mM LvP16 MO. At the mesenchyme blastula stage, small
numbers of PMCs (2–6) were transplanted from donor
embryos into unlabeled, sibling hosts. The host embryoswere
of two types: (a) late gastrulae that had been microinjected at
the 1-cell stage with 4 mM LvP16 MO (without fluorescent
dextran), or (b) normal (uninjected) mesenchyme blastulae.
Following PMC transplantations, host embryos were allowed
to develop for 24 h at room temperature. Living embryos
were then immobilized on polylysine-coated coverslips and
examined by confocal laser scanning microscopy.
Microsurgery
Removal and transplantation of PMCs and labeling of
embryos with rhodamine isothiocyanate (RITC) were
carried out as described by Ettensohn and McClay (1988).
Measurements of skeletal rod elongation rates
Rates of skeletal rod elongation were measured as
described by Guss and Ettensohn (1997). Briefly, L.
variegatus embryos that had been injected with 4 mM
LvP16 MO were incubated in 50 Ag/ml calcein for 1.5 h at
the early prism stage. The dye was then washed out and
development was allowed to continue at 23-C for a
17-h chase. Embryos were fixed at the end of the chase
and the length of the unlabeled spicule material at the tips of
the skeletal rods was measured using an ocular micrometer.
The length was divided by the duration of the chase period
to give an average rate of elongation in Am/h.Results
Cloning and developmental expression of LvP16
P16 was originally identified in S. purpuratus by
searching an EST collection for cDNAs that encoded
abundant, but apparently novel, gene products expressed
by PMCs at the gastrula stage (Illies et al., 2002). Because L.
variegatus is better suited for microsurgical manipulations
than S. purpuratus, we cloned the L. variegatus ortholog of
P16 (LvP16) from an arrayed L. variegatus mid-gastrula
stage cDNA library (see Materials and methods). The
predicted amino acid sequence of LvP16 indicates that this
protein is highly similar to its S. purpuratus counterpart with
an overall amino acid sequence identity of 73% (Fig. 1). It is
a small, glycine-rich, acidic protein with a consensus signal
sequence at the N-terminus and a putative transmembrane
domain near the C-terminus. Between these two motifs is a
short region rich in serine and aspartic acid residues.
We used whole mount in situ hybridization to analyze the
developmental expression of LvP16 mRNA (Fig. 2). LvP16
mRNA was not detectable in unfertilized eggs or early
embryos (Figs. 2A, B). Expression was first detectable at the
Fig. 1. Clustal alignment of the predicted amino acid sequences of SpP16 and LvP16. Conservative amino acid substitutions are indicated by dots, and gaps and
non-conservative substitutions are indicated by vertical lines. Putative signal sequences and transmembrane domains of the proteins are indicated.
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where the presumptive PMCs were located (Figs. 2C, D).
LvP16 mRNA remained highly enriched in PMCs through-
out later embryogenesis (Figs. 2E, F). At the prism and
pluteus stages, LvP16 mRNA was downregulated in most
PMCs except those at the tips of elongating skeletal rods.
For example, at the late pluteus stage, LvP16 mRNA was
expressed at high levels by the small clusters of PMCs at the
growing tips of the postoral and anterolateral rods (Figs. 2G,
H). This pattern of expression was very similar to that
previously described for SpP16 mRNA, which is also
restricted to PMCs and enriched in cells at sites of active
skeletal rod elongation at later developmental stages (Illies
et al., 2002).
GFP-tagged P16 is enriched at the plasma membrane
The presence of a putative membrane-spanning motif
suggested that P16 might be localized in the outer plasma
membrane of PMCs or in membrane-bound organelles
within the cells. We injected mRNA encoding SpP16-GFP
and LvP16-GFP into fertilized eggs of S. purpuratus and L.
variegatus, respectively, and examined the subcellular
distribution of the protein by confocal laser scanning
microscopy (Fig. 3). In the outer epithelial cells of the
embryo, P16-GFP prominently outlined the boundaries of
cells (Figs. 3A, B). In contrast, a GFP-tagged form of
SpP19, another novel, PMC-specific protein (Illies et al.,
2002), showed a cytoplasmic distribution (Figs. 3C, D). In
PMCs, P16-GFP was enriched at the cell surface and in 1–2
perinuclear spots that may correspond to the Golgi
apparatus (Figs. 3E, F). We also used microsurgical methods
(Ettensohn and McClay, 1988) to isolate PMCs from L.variegatus embryos that had been injected with LvP16-GFP
mRNA and allowed the cells to spread on glass coverslips.
When examined by confocal microscopy, it was apparent
that LvP16-GFP was localized at the PMC surface, along
filopodia, in 1–2 prominent perinuclear spots, and diffusely
throughout the cytoplasm (Figs. 3G, H).
P16 regulates skeletogenesis in S. purpuratus and
L. variegatus
To examine the developmental function of P16, we
injected MOs complementary to SpP16 and LvP16 mRNA
into fertilized eggs of S. purpuratus and L. variegatus,
respectively. As a control for the specificity of any
developmental effects, SpP16 MO and LvP16 MO were
designed to be complementary to non-overlapping regions
of the SpP16 and LvP16 mRNAs and were therefore
unrelated in sequence (see Materials and methods).
Injection of P16 MOs produced a characteristic pheno-
type that was observed in more than 90% of the injected
embryos. The phenotype was indistinguishable in the two
species we examined (Fig. 4 shows S. purpuratus embryos
and Figs. 5 and 6 show L. variegatus embryos). Early
development was normal in MO-injected embryos, which
hatched at the same time as uninjected sibling embryos.
PMC ingression, gut invagination, and PMC ring formation
also occurred on schedule. Triradiate spicule rudiments
formed within the ventrolateral PMC clusters at the same
time as in uninjected sibling embryos. The subsequent
growth of the spicule rudiments, however, was severely
impaired in the P16 MO-injected embryos. Uninjected
embryos developed an extensive, branched skeleton and
an angular shape by the pluteus stage (3–4 days for S.
Fig. 2. Whole mount in situ hybridization analysis of LvP16 mRNA expression. Stages shown: (A) unfertilized egg; (B) late cleavage; (C) late blastula (before
PMC ingression), vegetal pole view; (D) late blastula (before PMC ingression), lateral view; (E) early gastrula, lateral view; (F) mid-gastrula, vegetal pole
view; (G, H) pluteus, two different focal planes of the same embryo. Expression is not detectable prior to fertilization or during cleavage (A, B). LvP16 mRNA
is first detectable in cells in the center of the vegetal plate (the location of the presumptive PMCs) at the late blastula stage, prior to PMC ingression (arrows, C,
D). Throughout later development, LvP16 mRNA is highly enriched in PMCs (arrows, E, F). At later stages, LvP16 mRNA levels are reduced in most PMCs
except those at sites of skeletal rod elongation, such as the tips of the postoral rods (arrows, G) and anterolateral rods (arrows, H).
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Sibling MO-injected embryos of the same chronological
age, however, remained relatively rounded and their
skeletons were greatly reduced in size. Typically these
embryos had large but unbranched triradiate spicule rudi-
ments (¨50% of the embryos) or only one arm of the
triradiate rudiment (the anonymous rod) branched to form
unusually short postoral rod and body rods (¨50% of the
embryos). Frequently, ectopic spurs were observed project-
ing from these two rods (for an example, see Fig. 11). When
P16 MO-injected embryos were allowed to develop for
extended periods of time (4 days for L. variegatus and 6
days for S. purpuratus), most of the embryos eventually
formed short postoral and body rods but these failed to reach
full length before the embryos died from lack of feeding. In
most cases, the dorsoventral connecting rods failed to
branch and therefore anterolateral and recurrent rods never
formed. Fig. 7 summarizes the typical structure of the
skeleton of P16 MO-injected embryos at the pluteus stage.
Tissues other than the skeletal system appeared to
develop normally in P16 MO-injected embryos. Theembryos developed a tripartite gut with two coelomic
pouches. Contractions of the foregut were apparent,
indicating that circumesophageal muscles had formed. The
ectoderm was well patterned along the oral–aboral axis as
evidenced by the formation of a squamous aboral epitheli-
um, a thickened oral epithelium, and a ciliary band between
these two epithelial compartments. Pigment cells were
numerous and found only within the aboral ectoderm, as
is normally the case in undisturbed embryos.
At high MO concentrations, we occasionally observed
complete inhibition of skeleton deposition. This was
uncommon, however, and embryos that completely failed
to form skeletal elements usually appeared unhealthy in
other respects; i.e., they were smaller than normal, opaque,
and/or vesiculated. It seems possible that the absence of
skeletal primordia in such embryos was the result of non-
specific effects of high concentrations of MOs.
The sequence of the SpP16MOwas complementary to the
LvP16 mRNA except at one position.We injected SpP16MO
(1–2 mM) into fertilized eggs of L. variegatus and observed
the reduced-skeleton phenotype described above (not
Fig. 3. Subcellular localization of P16-GFP. All images were collected by
confocal laser scanning microscopy. (A, B) Lateral and surface views,
respectively, of blastula stage S. purpuratus embryos expressing SpP16-
GFP. SpP16-GFP is localized predominantly at the cell periphery. (C, D)
Lateral and surface views, respectively, of blastula stage S. purpuratus
embryos expressing SpP19-GFP. SpP19 is a novel PMC-specific protein
unrelated to SpP16 (Illies et al., 2002). SpP19-GFP is localized throughout
the cytoplasm but is excluded from cell nuclei. (E, F) LvP16-GFP
expression in mesenchyme blastula (E) and late gastrula (F) stage L.
variegatus embryos. LvP16-GFP is localized at the PMC cell surface
(arrows). (G, H). Two different focal planes of a PMC isolated from a
mesenchyme blastula stage L. variegatus embryo, adhering to a glass
coverslip. LvP16-GFP is localized at the cell surface (arrow, G), in a
perinuclear organelle that may be the Golgi apparatus (arrowhead, G), and
along filopodia (arrow, H).
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MOs can accommodate small numbers of mismatches (1 or
2) and still effectively block translation of target mRNAs(Summerton, 1999). Because the SpP16 and LvP16 MOs
were complementary to non-overlapping regions of the P16
mRNA we also tested whether a mixture of the two MOs
might have more pronounced effects on skeletogenesis than
either MO alone. When a cocktail of SpP16 and LvP16 MOs
(at final concentrations of 1 mM and 2mM, respectively) was
injected into fertilized eggs of L. variegatus, however, we
observed the same phenotype described above. In the great
majority of cases, paired spicule primoridia formed on
schedule but subsequent elongation and branching of the
skeletal rods was perturbed.
Because P16 mRNA is only expressed in PMCs (Illies et
al., 2002; Fig. 2) and because we observed the same
phenotype using two P16 MOs that were unrelated in
sequence, it seemed likely that the effects were due
specifically to a knockdown of P16 expression in the PMCs.
Skeletal rod elongation is also highly sensitive to experi-
mental manipulations that affect the ectoderm, however
(Ettensohn et al., 1997). We therefore tested the possibility
that the MOs might inhibit skeletogenesis indirectly through
non-specific effects on the ectoderm. We carried out PMC
transplantation experiments to test whether LvP16 MO acted
within the PMCs, as would be expected if the mechanism of
action was to reduce P16 levels.
The entire complement of PMCs was removed from L.
variegatus mesenchyme blastula stage host embryos and
replaced with >50 PMCs from donor embryos of the same
stage. In most experiments, either the donor or host embryos
had been injected with 4 mM LvP16 MO at the 1-cell stage.
Three kinds of transplantations were carried out: (a) MO-
containing PMCs were transplanted into normal PMC()
hosts; (b) normal PMCs were transplanted into MO-
containing PMC() hosts; and (c) normal PMCs were
transplanted into normal PMC() hosts (sham controls). For
experiments (a) and (b), only some of the MO-injected
embryos were used for transplantations while the others
were allowed to continue development to the pluteus stage
to confirm that they exhibited the typical P16 MO
phenotype. In all experiments, donor embryos were labeled
with rhodamine isothiocyanate to facilitate subsequent
identification of the transplanted PMCs.
When MO-containing PMCs were transplanted into
normal PMC() hosts, the resultant embryos formed
reduced skeletons that were indistinguishable from those
observed in whole embryos injected with P16 MO
(24 h post-transplantation, 7/7 cases) (Figs. 8A–C). Sham
controls developing in parallel [normal PMCs transplanted
into normal PMC() hosts] formed a much more extensive
skeleton, including long body rods and postoral rods
(4/5 cases) (Figs. 8D–F). We noted, however, that the arms
of these embryos were shorter than those of sibling controls,
and additional observations showed that there was a
reproducible delay in skeletogenesis in sham embryos
compared with unmanipulated siblings. We have not
investigated the mechanism of this delay further. Although
the surgery itself resulted in a modest delay in skeletogen-
Fig. 4. Effect of SpP16 MO on the development of S. purpuratus embryos. (A, B) Lateral and blastoporal views, respectively, of control embryos at 72 h
development. Arrows indicate body rods. (C, D) Lateral and blastoporal views, respectively, of sibling, SpP16 MO-injected embryos at 72 h of development.
The embryos are rounded and has not formed arms. Arrows indicate body rods, which are severely truncated. A normal PMC ring is apparent in the posterior
region (arrowhead, D).
Fig. 5. Effect of LvP16 MO on the development of L. variegatus embryos.
(A, B) Brightfield and polarized light images, respectively, showing one
spicule of a control embryo at 30 h of development (lateral view). (C, D)
Brightfield and polarized light images, respectively, of a LvP16 MO-
injected embryo at 30 h of development (lateral view). (E, F) The same
embryo, viewed in a different focal plane. Two spicule rudiments have
formed in the MO-injected embryo but have failed to elongate.
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containing PMCs had skeletons that were greatly reduced in
size compared with sham controls, as shown in Fig. 8.
We also carried out reciprocal experiments transplanting
normal PMCs into PMC() hosts that contained LvP16
MO. This resulted in a modest delay in skeletogenesis
similar to that observed in the sham controls (5/5 cases).
Considerably more extensive skeletal development took
place than in P16 MO-injected embryos or recombinant
embryos that contained MO-containing PMCs. For exam-
ple, all five embryos developed anterolateral rods, recurrent
rods, and much longer postoral and body rods than sibling
LvP16 MO-injected embryos that were developing in
parallel. Taken together, these findings supported the view
that the LvP16 MO was acting directly within the PMCs to
inhibit skeletogenesis.
P16 is not required for PMC specification and patterning
Examination of living P16 MO-injected embryos showed
that PMCs ingressed on schedule and migrated normally. As
another means of assessing a possible role of P16 in PMC
specification and migration, we immunostained LvP16 MO-
injected embryos and sibling controls with mAb 6a9
(Ettensohn and McClay, 1988). This antibody recognizes
MSP130 and related PMC-specific cell surface proteins, all of
which are late PMC differentiation markers; i.e., downstream
components in the large micromere–PMC gene network.
In LvP16 MO-injected embryos, the PMCs become
organized in a well-formed ring by the late gastrula stage
(Fig. 9). Counts of 6a9-positive cells from a single batch of
embryos indicated that the average number of PMCs at the
Fig. 6. Effect of LvP16 MO on the development of L. variegatus embryos.
(A, B) Brightfield and polarized light images, respectively, showing the
skeleton of a control embryo at 30 h of development (blastoporal view). (C,
D) Brightfield and polarized light images, respectively, of a LvP16 MO-
injected embryo at 30 h of development (blastoporal view). (E, F) The same
embryo viewed in a different focal plane. Two spicule rudiments are visible
in the MO-injected embryo but have failed to elongate.
Fig. 7. Summary of the effect of P16 MO on skeletogenesis. (A) Diagram of
the major skeletal elements of a normal, four-armed pluteus larva. (B)
Diagram of the skeletal elements of a typical, P16 MO-injected embryo of
the same chronological age. AR = anonymous rod, ALR = anterolateral rod,
BR = body rod, DR = dorsoventral connecting rod, PR = postoral rod, RR =
recurrent rod, VR = ventral transverse rod.
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19) and 57 in sibling controls (n = 11). This slight difference
is unlikely to be consequential as embryos with 40–50
skeletogenic cells form complete skeletons (Ettensohn and
McClay, 1988). Moreover, the elongation of skeletal rods
was inhibited in P16 MO-injected embryos even when a
well-formed, syncytial PMC chain was clearly present
(arrowhead, Fig. 4D and arrow, Fig. 10B).
P16 is not required for PMC fusion
PMC filopodia undergo fusion during gastrulation,
forming a cable-like structure within which the spicules
are subsequently secreted (Hodor and Ettensohn, 1998).
Because PMC fusion and the formation of the filopodial
cable may be required for normal skeletogenesis, we testedthe hypothesis that P16 plays a role in PMC fusion. Careful
examination of living, P16 MO-injected embryos using
differential interference contrast optics and observation of
fixed embryos following immunostaining with mAb 6a9
revealed that PMCs were linked by cable-like strands,
suggesting that cell fusion had taken place normally (Figs.
4D and 9B). To monitor fusion more directly, we used a
dye-transfer assay (Hodor and Ettensohn, 1998). 2–6 PMCs
were removed from donor L. variegatus embryos that had
been co-injected at the 1-cell stage with fluorescent dextran
and 4 mM LvP16 MO. Some of the MO-injected embryos
were allowed to continue development to ensure that >90%
of the resultant embryos showed the characteristic P16 MO
phenotype. The donor PMCs were transplanted into
mesenchyme blastula stage host embryos. In some cases,
the host embryos had been injected with LvP16 MO at the
1-cell stage, although the result proved to be the same
regardless of whether LvP16 expression had been knocked
down in the host. In 9/10 host embryos that had not been
injected with LvP16 MO and 5/5 cases in which the host
had been injected with LvP16 MO, we observed extensive
transfer of fluorescent dextran throughout the PMC popu-
lation (Fig. 10). In the one case that did not show dye
transfer, the donor cells appeared fragmented and had
probably been damaged during the transplantation proce-
dure. In the case of MO-injected hosts, it was apparent that
the dorsal aspect of the PMC ring was well-formed and that
a syncytial filopodial cable had formed in this region (arrow,
Fig. 10B). Nevertheless, body rods failed to extend
normally along this segment of the PMC syncytium. These
studies indicate that the phenotype caused by P16 MO is not
the result of a perturbation of PMC fusion.
P16 regulates skeletal rod elongation
Embryos that had been injected with LvP16 MO were
examined at the late gastrula stage and several that had
Fig. 8. P16 MO acts in PMCs to perturb skeletogenesis. (A–C) Brightfield, polarized light, and fluorescence images, respectively, of a 48-h embryo with
LvP16 MO present only in PMCs. The endogenous PMCs were removed at the mesenchyme blastula stage and replaced with >50 RITC-labeled donor PMCs
taken from LvP16 MO-injected embryos. The skeleton is reduced in size and has the morphology typical of P16 MO-injected embryos (Fig. 7) (A, B). The
donor PMCs have formed a normal pattern (C). (D–F) Corresponding images of a sham control at 48 h of development. The endogenous PMCs were replaced
with >50 PMCs from uninjected embryos. An extensive skeleton has formed.
M.S. Cheers, C.A. Ettensohn / Developmental Biology 283 (2005) 384–396392formed small, ventrolateral triradiate spicule rudiments were
hand-selected and transferred to a separate dish. These
embryos were followed over several days and went on to
exhibit the stereotypical P16 MO phenotype when sibling
controls reached the pluteus stage (24 h, 23-C) (Fig. 7).
After several days of further development, the body rods
and postoral rods had clearly elongated but still had not
reached the length seen in controls after only 24 h. These
observations suggested that while the initiation of skeleto-
genesis was not blocked in the P16 MO-injected embryos,
the rate of rod elongation was slowed.
To test this more directly, we used calcein, a fluorescent,
calcium-binding dye, to measure the average rate of skeletal
rod elongation in LvP16 MO-injected embryos (Guss and
Ettensohn, 1997). We measured the rate of elongation of the
body rod shortly after it branched from the anonymous rod.
In control embryos, the body rod grows rapidly near this
branch point, elongating at an average rate of 13–15 Am/h at
23-C (Guss and Ettensohn, 1997). In LvP16 MO-injected
embryos, however, the average rate of elongation was only
2.8 Am/h (n = 8 rods) (Fig. 11).
P16 is downstream of Alx1 in the PMC gene regulatory
network
Alx1 is required at an early step in PMC specification
(Ettensohn et al., 2003). To test whether P16 lies
downstream of Alx1 in the PMC gene regulatory network,we blocked LvAlx1 protein expression with LvAlx1 MO
(Ettensohn et al., 2003) and examined the effect on LvP16
expression. In LvAlx1 MO-injected embryos, micromere
descendants remain associated with the tip of the archen-
teron or ingress into the blastocoel later in gastrulation (C.
Kitazawa and C. Ettensohn, unpublished observations).
When LvAlx1 MO-injected embryos were examined by
whole mount in situ hybridization, we did not observe cells
expressing P16 mRNA above background levels at these
locations or elsewhere in the embryo (Fig. 12A). We also
assessed P16 expression by RT-PCR using intron-spanning
primers (see Materials and methods). Control experiments
showed that LvP16 primers produced a PCR product of the
predicted size and that the target mRNAwas expressed only
by PMCs (Fig. 12B). Using these primers, we found that
injection of LvAlx1 MO resulted in a dramatic down-
regulation of LvP16 mRNA (Fig. 12C).Discussion
Mechanisms of biomineralization are being investigated
in a wide variety of animal and plant systems. Much
attention has been focused on biomineralization in verte-
brates, particularly on the formation of teeth and bone.
Although considerable information is available concerning
upstream transcription factors and signaling pathways that
regulate bone and tooth development, less is known about
Fig. 9. P16 MO does not affect PMC specification or migration. Embryo
whole mounts were immunostained with monoclonal antibody 6a9. Images
shown are projections of confocal z-stacks. (A) Control L. variegatus
embryo (late gastrula). (B) LvP16 MO-injected embryo (late gastrula). In
both embryos, PMCs have ingressed and migrated correctly, forming a
subequatorial ring with two ventrolateral clusters (arrows). Triradiate
spicule rudiments have formed in the ventrolateral clusters of both embryos.
Fig. 10. P16 MO does not inhibit PMC fusion. Panels A and B show brightfield an
embryo into which 2–6 donor PMCs were transplanted at the mesenchyme blastul
the 1-cell stage with LvP16 MO and FITC-dextran. In this experiment, the host em
donor PMCs have fused with the PMCs of the host and FITC-dextran is distributed
phenotype (arrow in panel A indicates the truncated right body rod). Note that a s
including the posterior region of the embryo (arrow, B).
Fig. 11. P16 MO inhibits skeletal rod elongation. An L. variegatus embryo
that was injected with 4 mM LvP16 MO at the 1-cell stage. The embryo
was incubated in 50 Ag/ml calcein for 1.5 h at the early prism stage, and
then the dye was then washed out and development allowed to continue for
17 h at 23-C. The length of unlabeled spicule material (arrow) at the tips of
the body rods was measured using an ocular micrometer. In control
embryos, the body rod grows at an average rate of 13–15 Am/h at 23-C
after it branches from the anonymous rod (Guss and Ettensohn, 1997). In
LvP16 MO-injected embryos, however, the average rate of elongation was
only 2.8 Am/h (n = 8 rods).
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biomineralization (Hoffmann and Gross, 2001; Horton,
2003; Kobayashi and Kronenberg, 2005; Qin et al., 2004;
Thesleff and Mikkola, 2002; Zeichner-David, 2001). The
sea urchin embryo will be a valuable experimental system
for studying molecular mechanisms of biomineralization,
particularly in an in vivo context. Biomineral formation can
be observed directly in the living embryo and powerful
molecular approaches are available for testing the function
of candidate proteins.
Our findings indicate that P16 is required at a relatively
late step in skeletogenesis; i.e., after PMC specification,d fluorescence images, respectively, of an early pluteus stage L. variegatus
a stage. The donor PMCs came from an embryo that had been co-injected at
bryo was also injected with LvP16 MO at the 1-cell stage. After 24 h, the
throughout the PMC syncytium. The host embryo has the typical P16 MO-
yncytial PMC cable is present even where skeletal rods have failed to form,
Fig. 12. P16 is downstream of Alx1 in the large micromere–PMC gene regulatory network. (A) Whole mount in situ hybridization analysis showing LvP16
mRNA expression in a control embryo (left) and an LvAlx1 MO-injected embryo (right). In the control embryo, LvP16 mRNA is expressed at high levels in
PMCs (arrows). In the MO-injected embryo, large micromere descendants are located near the tip of the archenteron (arrow) but do not express detectable
levels of LvP16 mRNA. (B, C) RT-PCR experiments. PMC() embryos were produced using microsurgical methods (Ettensohn and McClay, 1988) and
harvested immediately after PMC removal. Each experiment was carried out using 10 embryos. (B) Control experiments showing detection of LvP16 mRNA
by RT-PCR. A band of the expected size is detected in control embryos but not in PMC() embryos. The PCR product is not present if reverse transcriptase is
omitted from the reaction mix. (C) LvP16 mRNA is detected in control embryos but not LvAlx1 MO-injected embryos. Levels of actin mRNA are similar in
both samples.
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elongation of the initial skeletal primordia but does not
appear to be critical for their formation. P16 knockdown did
not prevent formation of the triradiate primordia and growth
subsequently took place along both ‘‘a’’ and ‘‘c’’ axes of the
spicule, albeit at a reduced rate. It is important to note that we
have not measured the extent to which P16 protein
expression was affected by MO injection. It remains possible
that some P16 protein was expressed even when the two
MOs were used in combination, and complete elimination of
all P16 expression might completely suppress biomineral
deposition. At least, however, we can conclude that P16 is
required for normal spicule growth, as shown by continuous
observations of embryos and calcein labeling in vivo.
We have not compared total spicule mass in normal and
MO-treated embryos. In some MO-treated embryos, the
shortened skeletal rods appeared abnormally thick and
ectopic spurs were sometimes observed. Thus, the primary
role of P16 may be in the organization of the spicule
material and its orderly assembly into elongated rods rather
than in regulating the rate of biomineral secretion. It seems
likely that the overall mass of the biomineral was reduced
by P16 MO as many embryos had dramatically shortened
postoral, anterolateral, and body rods that did not appear
unusually thickened (Figs. 4–6). Nevertheless, to draw
rigorous conclusions on this point will require the develop-
ment of methods for accurately measuring total biomineral
mass using small numbers of embryos.
The biochemical function of P16 remains unknown. P16
does not match other proteins in the public databases at asignificant level by BLAST analysis even when search
parameters are relaxed (e.g., by eliminating low complexity
filtering). A number of possible functions are consistent
with the sequence and subcellular distribution of the protein.
The predicted signal sequence and transmembrane domain
of the protein and the targeting of P16-GFP to the cell
surface indicate that endogenous P16 enters the secretory
pathway and further suggest that it is localized in the plasma
membrane. P16 may also be present in vesicular compart-
ments in the cytoplasm. Many extracellular proteins are
synthesized as membrane-bound precursors which subse-
quently undergo proteolytic cleavage, and it is possible that
the ectodomain of P16 is shed from the cell surface and
released into the extracellular space. If the N-terminus of the
protein is extracellular, we would not have detected such
proteolytic cleavage of the C-terminally tagged P16-GFP
fusion protein used in this study. An alternative hypothesis
is that P16 functions in the membrane as a receptor. A
variety of evidence indicates that skeletal rod elongation is
regulated by local, ectoderm-derived signals (Armstrong et
al., 1993; Cavalieri et al., 2003; Guss and Ettensohn, 1997;
Kiyomoto et al., 2004). P16 might be a receptor for the
signaling molecules, which have yet to be identified.
We currently favor the hypothesis that P16 plays a more
direct role in the process of biomineral deposition. P16 is an
acidic protein rich in serine and aspartic acid residues. Many
extracellular matrix proteins associated with bone, dentin,
and enamel in vertebrates share these features (Kawasaki
and Weiss, 2003; Kawasaki et al., 2004; Moradian-Oldak,
2001; Qin et al., 2004; Zeichner-David, 2001). Many of
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or hydroxyapatite and to regulate crystal nucleation or
growth. Several are also rich in phosphoserines and the
extent of phosphorylation is thought to modulate the effects
of the proteins on crystal growth. It has recently been
proposed that most of the non-collagenous, extracellular
matrix phosphoproteins of vertebrate teeth and bone arose
from a primordial osteonectin gene through a series of gene
duplications that occurred after the appearance of the
chordates (Kawasaki and Weiss, 2003; Kawasaki et al.,
2004). If the acidic, serine-rich nature of P16 has a role
similar to that which has been envisioned for the vertebrate
proteins, this may be an example of evolutionary conver-
gence. A different hypothesis is that P16 functions in the
PMC plasma membrane or an intracellular membrane
compartment to regulate calcium transport in these cells.
To distinguish among these various hypotheses concerning
P16 function, it will be important to define the orientation of
P16 in the membrane, to determine whether the protein
undergoes post-translational modifications such as phos-
phorylation or proteolytic cleavage, and to test whether it
interacts directly with free calcium and/or the growing
spicule.
Recent studies have revealed elements of a gene
network that underlies PMC specification and differenti-
ation (Ettensohn et al., 2003; Fuchikami et al., 2002;
Kurokawa et al., 1999; Logan et al., 1999; Oliveri and
Davidson, 2004; Oliveri et al., 2002; Weitzel et al., 2004).
Many components of the PMC GRN have been identified,
including maternal proteins (h-catenin, dishevelled) and
zygotically expressed transcription factors. One limitation
of the current model of the GRN is that few links have
been established between upstream transcriptional regula-
tors and genes that control the spectacular morphogenetic
program of the PMCs. Most of these ‘‘morphoregulatory’’
genes have not yet been identified with the exception of
several spicule matrix proteins (Illies et al., 2002; Peled-
Kamar et al., 2002; Wilt, 2002). We have shown that
P16, a key regulator of skeletal morphogenesis, is
downstream of Alx1 in the PMC GRN. Alx1 regulates
all morphogenetic activities of PMCs, including ingression
and migration, and its influence on P16 expression may
be indirect. One possibility is that Alx1 regulates P16
expression through its effects on dead-ringer, an ARID-
class transcription factor (Amore et al., 2003; Ettensohn et
al., 2003). Further studies will clarify the upstream
regulation of P16 and establish additional links between
transcriptional regulators in the PMC GRN and down-
stream effector proteins.Acknowledgments
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